The objective of this research work is to model the influence of deformation and damage on the permeability and retention properties of cracked porous media. This is achieved thanks to the introduction of microscale information into a macroscopic damage model. To this end, the Pore Size Distribution (PSD) of the material is coupled to the mechanical behaviour of the rock.
tion and damage. Section 3 details the permeability and retention models, Cracks are naturally present in most rock materials [31, 32] . As a result, 56 measuring damage requires the definition of a reference state, in which rock 57 connected porosity is associated to a "natural" void space. In this paper, nat-58 ural porosity is defined as the porosity measured before loading the sample.
59
In the simulations presented in the sequel, the material of interest is granite 60 rock. Unweathered granite subjected to low pressure and low temperature gradients has a natural porosity, due to micro-cracks with a length lower 
Relationship between Permeability and Porosity

95
It is assumed that natural pores and cracks do not overlap and form 
in which Φ is the total porosity of the medium (accounting for natural pores 122 and cracks). Assuming that all pore cuts are circles actually implies that the 123 direction of the flow is assumed to be parallel to the direction of the pores
124
[39]. Recalling that natural pores and cracks are assumed to connect without 125 overlapping, and that the length of the REV in the direction of the flow is 126 assumed to be equal to unity, the "volume frequency" f (r) is equal to the 127 "area frequency":
in which H is Heaviside function. 
Relationship between Porosity and Macroscopic Variables
130
The macroscopic damage variable is defined as the spectral decomposition 131 of the second-order crack density tensor [40, 41] : pied by the non-interactig cracks is defined as:
in which the soil mechanics sign convention is used (compression counted 141 positive). The volume occupied by natural pores is assumed to evolve with 142 the purely elastic deformation:
The knowledge of the volume occupied by the natural pores and cracks (ex- 
in which δ is the second-order identity tensor. The parameter g relates the 154 damage tensor to the compression stress (σ R ) that would be necessary to 155 close the residual cracks formed after a tensile loading followed by a bare unloading [45] : 
In the mechanical damage model selected as an illustration of the conceptual 
in which M (Ω) is the fourth-order damage operator introduced by Cordebois
167
and Sidoroff to define effective stressσ [46] :
in which δ denotes the second-order identity tensor. 
in which the d k refer to damage eigenvalues (Eq. 4). Total strains are updated 173 with the known incremental strains:
The sign of the damage criterion ( Equation 8) is checked. If damage occurs 175 during the iteration, the stress increment is updated as follows:
By definition of the damage-induced residual stress and residual strains
If damage occurs at iteration k, the stress increment is updated with the 179 imposed strain increment as follows:
∂Ω :
:
After updating total strains, it is possible to get the volume of pores (
in which Φ 0 is the initial porosity of the rock (assumed to be initially un-183 damaged). For any iteration, in loading or unloading conditions:
The combination of Equations 17 and 18 gives:
from which it is possible to update the volume fractions of cracks and natural 186 pores (Equations 6 and 7): 
in which σ nw/w is the surface tension in the meniscus separating the two fluid obtained by: . The degree of saturation is defined as:
Noting V REV the Representative Elementary Volume, we have:
and Φ = V v /V REV . As a result, combining equations 1, 2 and 3 provides the 234 expression of the damaged intrinsic rock permeability:
The total (or apparent) permeability of the damaged unsaturated can be 236 expressed in the same way as: 
The computational algorithm to update permeability and retention prop- and the degree of saturation at the current iteration: pores' volume is due to the stress release after the stress peak.
369
One of the main strengths of the present model is to relate macroscopic 370 deformation to changes of the pore size distribution of the material. As a 371 consequence, the deformation of the natural porous network and the occur- Figure 6 shows the evolution of the degree of saturation dur-400 ing the tests performed at constant capillary pressures of 100 and 300 kPa.
401
It can be seen that for the test performed at the lowest pressure the material 
407
The effects of deformation and damage of the material on the apparent 408 and intrinsic permeabilities can be caught through changes of the PSD curve.
409
This point is illustrated in Figure 7 which plots the evolutions of apparent, 
421
The permeability trends predicted by the model are now compared to 422 classical permeability models. Figure 8 shows the evolution of the intrin- 
438
Relative permeability evolution is compared to simple functions of the 439 degree of saturation (power laws). It can be observed that a satisfactory 440 fitting is observed (for both exponents 2 and 3 considered) when damage is 441 null or small and that the trends diverge when damage becomes significant. induced anisotropic damage and permeability variation in brittle rocks,
